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Abstract The intent of this paper is to establish the state of
the art of impedance-based gas sensors. This sensor type
holds promise for accurate detection of gaseous species at
single parts per million and below. Impedance-based
sensors do not require reference air to function, but do
require calibration. Progress in the development of impe-
dancemetric sensors for the detection of NOx, H2O, hydro-
carbons, and CO is reviewed. Sensing electrodes typically
consist of a noble metal or a metal oxide. YSZ is the
preferred electrolyte material. Counter electrodes of Pt were
common in asymmetric cells. These sensors typically
operate at 500–700 °C and are interrogated at 10 Hz or
less. Selectivity of these sensors remains a challenge
especially in lean environments. Stability is an infrequently
discussed yet important concern. Equivalent circuit analysis
has shed light on various detection mechanisms. The
impedance changes due to analyte gases are exhibited in
parameters that represent the low frequency behavior of the
electrochemical system. Although the search for a detailed
mechanism continues, the change in impedance due to a
specific gas is generally attributed to transport processes
such as adsorption and charge transfer.
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EIS electrochemical impedance spectroscopy
FG Fractal Gerischer element
NOx nitrogen oxides
ppm parts per million
OBD onboard diagnostics
PSZ partially stabilized zirconia
Q constant phase element
Ri resistor
SE sensing electrode
vpm volume parts per million
W Warburg element
YS Zyttria-stabilized zirconia
ΔO phase angle shift
ΔZ change in modulus
Introduction
Sensors that detect gaseous species by potentiometric, mixed
potential, or amperometric signals have conventionally been
developed for automobile exhaust gas detection. A new
variety of sensors that operate on the basis of an impedance
change hold promise for accurate gas detection on the single
parts per million (ppm) level even in O2 concentrations as
high as 18.9% [1]. The simple, single cell design does not
require an electrode for reference air however, selectivity,
complicated supporting electronics, and long-term stability
remain challenges [2], as discussed below.
Impedance-based sensors have a similar design as mixed
potential type sensors. Instead of measuring the voltage, a
sinusoidal voltage is applied and the resulting current is
measured [3]. Impedance is then calculated as the ratio of
voltage to current in the frequency domain. By using small
amplitude sine wave perturbation, linearity in electrochem-
ical systems can be assumed, allowing frequency analysis






of a transfer function such as impedance. Analysis of
impedance allows characterization of grain boundary
resistance, mass transport rates, and chemical reaction rates
[4]. Impedance analysis has also been further refined for the
quantification of chemical species.
For almost two decades, the concept of sensing species
by monitoring impedance has been known. Impedance
sensors for gas detection are derived from original work on
liquids. An early application of the impedance sensing
technique involved monitoring blood glucose levels using a
vascular prosthesis [5]. Gutiérrez et al. [6] investigated tin
oxide (SnO2) and noticed changes in the impedance spectra
dependent on the surrounding gas atmosphere, whether it
be humidified air, dry air, or blends of air and CO. They
used a Voigt equivalent circuit to model their system. They
stopped short of correlating changes in the impedance
spectra to changes in species concentration.
The “theta” sensor concept pioneered by Weppner’s
group proposed using the ellipsoidal “θ” shape of a current-
voltage plot for detection of CO2 [7, 8]. They applied
alternating perturbation signals to an electrochemical cell
consisting of a fast solid electrolyte and various electrodes.
Changes in partial pressure of analyte gas caused the shape
of the plot to alter. Although impedance was not explicitly
calculated, this analysis method was very similar to
impedance spectroscopy. Phase angle was related to
partial pressure [7]. An approximately linear relationship
existed between phase angle and species in the window of
0–100 vpm. Curvature in this relationship could be seen
over a larger window of partial pressure. The authors
claimed several advantages of this type of sensor over
potentiometric sensors: no reference electrode, better
selectivity, more accurate detection, and improved re-
sponse time [8]. Such "dynamic measurement" sensors
were faster because thermoodynamic equilibria were not
necessary [9].
Oelgeklaus and Baltruschat [10] proposed a hydrocarbon
sensor with Pt electrodes and a sulfuric acid electrolyte. By
continuously monitoring the impedance of their wet cell at
a low frequency (10 Hz), they determined changes in
capacitance of the electrode surface indicating the presence
of hydrocarbon adsorbates. A follow-up paper by the same
group reported a method to periodically strip the adsorbate
from the surface to enable continuous monitoring of
hydrocarbons. They also suggested a correction for O2
cross-sensitivity. They found a linear dependence of the
sensor signal on concentration. The sensor struggled,
however, to distinguish between hydrocarbon species [11].
Miura et al. [12] proposed a novel, yttria-stabilized
zirconia (YSZ)-based sensor that relates gas composition to
an impedance signal. In specific, the sensor detects total
nitrogen oxides (NOx) concentration (both NO and NO2)
down to 50 ppm between 600 °C and 700 °C using a
complex impedance signal. Sensitivity was measured by the
difference in the magnitude of the impedance signal
(modulus) measured at 0.1 Hz in air and in analyte gas.
The change in modulus, ΔZ, was approximately linear with
NOx concentration from 50 to 400 ppm. Sensing behavior
was attributed to changes of resistance at the interface
between the YSZ electrolyte and the oxide electrode; in
specific, gas adsorption and electrochemical reactions
affected this resistance. Although the sensing mechanism
of impedance-based sensors was not perfectly understood
[2], it was evident that physicochemical processes impacted
the impedance spectrum in the low frequency range.
In the following, the operating principles of impedance-
metric sensors are discussed. An overview of recent
literature on impedance-based detection of various gaseous
species follows. Sensor materials, equivalent circuit mod-
els, and proposed sensing mechanisms are presented.
Principle of operation
The presence of various gases reversibly alters the
impedance of some electrochemical systems at low fre-
quencies (f < 100 Hz) in a repeatable fashion that can be
correlated to concentration. This principle underlies
impedance-based gas sensors. Generally these sensors have
a solid state electrolyte consisting of YSZ. Reference to
external air is not necessary however, the sensor must be
calibrated in order to correlate the signal to known gas
concentrations.
Figure 1 depicts the operation of a symmetric, single
cell, impedance-type sensor with a zirconia-based electro-
lyte. In this example case, NOx is the analyte species. First,
gases diffuse to the electrode surfaces, where they adsorb,
dissociate, and diffuse along the surface to the electrode–
electrolyte interface, followed by charge transfer (redox)
reactions. Then ion transport through the electrolyte occurs
with charge transfer across grain boundaries. At various
frequencies, some of the processes may contribute to the
impedance response, depending on the physical character-




















Fig. 1 Impedance-based NOx sensor operation
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The rate-limiting processes that occur at particular
frequencies appear in the impedance spectra. Figure 2
shows a typical Nyquist plot of data recorded from a NOx
sensor with an YSZ electrolyte, an Au working electrode,
and a Pt counter electrode at 650 °C. The plot shows the
results of two measurements made when the sensor was
exposed to two different gases: (1) 10% O2 in N2 and (2)
10% O2 in N2 with 100 ppm NO. A Nyquist plot shows
the resistive and capacitive contributions of impedance,
but it does not explicitly show frequencies, so the six
decades of frequency are indicated. Two impedance arcs
labeled “high frequency” and “low frequency” resulted
with both gas mixtures. The high frequency arc (approx-
imately f > 104 Hz) provides information on kinetically
controlled phenomena. Regardless of the gas, the high
frequency arc remains invariant at a given temperature. In
contrast, the low frequency arc (approximately f < 104 Hz)
varies in the presence of various gas species; it is sensitive
to transport events [13].
The effect of 100 ppm NO is to shift the low frequency
arc inwards. Both the modulus, |Z|, and phase angle,O,
change as a result. The modulus represents the length of the
vector from the origin to an impedance measurement at a
specific frequency (10 Hz). The phase angle is the
arctangent of the ratio of the capacitive contribution of the
impedance to the resistive component at a specific
frequency. In Fig. 2, the moduli at 10 Hz are depicted and
the corresponding phase angles are labeled. Upon exposure
to an analyte gas, the changes in modulus [12] and changes
in phase angle [1] are linear over a specific range of gas
concentration at a given frequency. A NOx sensor needs
only to interrogate one frequency typically in the low
frequency range (typically f < 100 Hz) [2]. The frequency is
selected as a compromise between speed of response,
which favors higher frequencies, and sensitivity, which
favors lower frequencies.
For a sensor application, the shape of the low frequency
impedance spectrum must change selectively in the pres-
ence of a specific gas. If the change is not selective, then a
compensation scheme must be possible.
Review of literature on impedance-based gas sensing
Impedance-based gas sensors are discussed in several
books in the larger context of solid state sensors including
amperometric and potentiometric varieties. Coauthors of
the seminal paper [12] that related NOx concentration to
changes in modulus discuss their impedance sensor work in
books by Zhuiykov and/or Miura [2, 14, 15].
The application of impedance techniques to sensors with
an electrolyte of YSZ is particularly relevant to gas sensing.
In 1969, Bauerle [16] first applied impedance spectroscopy
techniques to solid electrolytes of YSZ thereby setting the
stage for the impedance detection mechanism. Since then,
researchers have used the impedance change principle in
sensors that detect NOx, water vapor, hydrocarbons, and
carbon monoxide. In the following sections, publications on
impedance-based sensing are presented by the type of
analyte gas and reviewed. A summary of impedance-type
gas sensors appears in Table 1.
Nitrogen oxides
Impedance-type NOx detection is the least developed of all
types of NOx sensors. It has shown promise to detect NOx
at lower ppm than is possible using conventional sensors
[3]. By “NOx”, one specifically refers to nitric oxide (NO)
and nitrogen dioxide (NO2), the two gaseous species that
constitute virtually all NOx emissions from anthropogenic
combustion processes [17]. For impedance-type NOx
sensors, the response to NO and NO2 has been demonstrat-
ed to be comparable in magnitude and of the same sign (in
contrast to mixed potential sensors) at specific temper-
atures, thereby facilitating the measurement of total NOx
concentration [1, 12, 18–23]. Impedance-based gas sensors
for gas detection may help diesel vehicles meet future NOx
OBD requirements.
Ho et al. [24] noticed a change in the electrical properties
of a thick film of Nd2CuO4-y in the presence of NOx gases.
In specific, NOx gases caused changes in conductance that
were related to species concentration.
Yoon et al. [25] noticed the effect of NO2 on impedance
spectra in their experiments with potentiometric sensors.
They remarked that the low frequency impedance associ-
ated with the electrode/electrolyte interface changed in the
presence of 100 ppm NO2. They suggested that the oxygen
groups from the NO2 decomposition caused a decrease in
the overvoltage of the electrolyte/electrode interface. Other
research groups built upon this finding by examining the
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Fig. 2 NO causes inward shift of low frequency arc on Nyquist plot



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































102 Ionics (2011) 17:99–108
Miura et al. [12] originally proposed an impedance-
based sensor with a ZnCr2O4 sensing electrode by
calibrating a low frequency modulus shift with NOx
concentration in a linear fashion, as described above.
Subsequently, Miura et al. [18] further proposed an
equivalent circuit model for the NOx sensor in a follow-
up publication. Their circuit consists of a Voigt circuit with
two Voigt elements: Rb-(RoCo)-(RiCi). In their model, the
lone resistor, Rb, represents YSZ bulk resistance; the first
Voigt element (RoCo) represents the resistance and capac-
itance of the bulk of the oxide electrode; finally, the second
Voigt element (RiCi) represents the resistance and capaci-
tance of the interface between the YSZ and the oxide
electrode where adsorption and reactions occur. Only the
resistance of the interface changed in the presence of NOx.
It was suggested that this resistance or even the entire real
component of impedance could be used to determine NOx
concentration at low frequency however, the measurement
should be taken by measuring complex impedance and by
calculating the real component of resistance. In both these
publications, Miura et al. called for further investigation in
order to ascertain the sensing properties and detailed
mechanism [12, 18].
Miura et al. then experimented with the thickness of
ZnCr2O4 sensing electrodes in an impedance-based NOx
sensor [19]. In some experiments, a platinum layer over the
electrodes oxidized reducing gases that are known to evoke
a cross-sensitive response (CO, H2, CH4, and C3H8) at
700 °C. At high temperature, thick electrodes (39 μm)
provide a large catalytic area for non-equilibrium mixtures
of NO and NO2 to equilibrate. An equilibrium NOx mixture
at 700 °C consists of 95 vol.% NO and 5 vol.% NO2.
Because NO2 is mostly reduced to NO during equilibration,
the impedance-based sensor shows essentially the same
response to NO as to NO2 at high temperature. They
proposed that the sensing mechanism relies on the
increased favorability of the electrochemical reaction
involving oxygen in the presence of NOx. A similar
equivalent circuit was proposed as in previous work except
that the Voigt element representing the low frequencies is
associated with electrode reactions: Rb-(RoCo)-(ReCe).
Martin et al. applied a NOx sensing technique using
impedance to a planar sensor with a YSZ electrolyte and
identical metal-oxide composite electrodes consisting of
Cr2O3 and YSZ (10:90% weight ratio) [20]. The NOx
sensitivity was measured by the shift in phase angle at
10 Hz. The shift was linear with concentration between
8 and 50 ppm. The response to both NO and NO2 was
similar. They report different pathways for the NO and O2
reactions which supports the parallel path model. Since the
NOx sensor is cross-sensitive to O2, a compensation method
was proposed. They suggest that the simultaneous mea-
surement of NOx and O2 can occur at different frequencies
because the impedance response at f > 100 Hz was
negligible for NOx but still significant for O2. The authors
reported, however, that the response time of this sensor to
O2 would need to decrease.
Subsequently, Martin et al. demonstrated that the change
in phase angle was evident over a larger frequency range
than the change in modulus, and thus the phase angle shift
became their preferred metric [1]. They further developed
an equivalent circuit model for their work on composite
electrodes. Instead of the standard Voigt model, this group’s
model includes a fractal Gerischer element, which is used to
model the diffusion of reacting gases. Their model consists
of a series combination of a resistor, a fractal Gerischer
(FG) element, and a Cole element: Rs-FG-(RLFQ). The Cole
element models the low frequency behavior. The most
significant parameter changes due to NOx exposure occur
in this subcircuit element. This element corresponds to
physical processes that occur at the electrode surface and at
the interface of the electrode and electrolyte. They further
broke down the resistance of the Cole element into
contributions from simultaneous reactions that occur at the
triple phase boundary (interface) that involve O2, NOx, and
the ionic form of oxygen (O2−):





For an electrode to sense NOx, the values of Ro2 and
RNOx must be within two orders of magnitude of each other
otherwise NOx detection is not possible. They confirmed
this statement by adding a porous gold layer or a dense Pt
plate to their electrodes; these actions both had the effect of
increasing the electrode surface area for which O2 and NOx
compete. The result was a decrease in Ro2 to such an extent
that the presence of NOx no longer could be detected. RNOx
was much greater than Ro2; since RNOx appears in the
denominator, it did not contribute to the R of the Cole
element. Martin et al. also provided a justification for their
use of change in phase angle, ΔO, instead of change in
modulus, |Z|, as the proxy for selectivity. The phase angle
shift persists to higher frequency in the presence of NOx
than does the modulus change. Increasing the frequency at
which a sensor operates is desirable for a faster response.
Since the sensor responds to both oxygen and NOx at
10 Hz, but at 1 kHz the sensor responds only to O2,
compensation for O2 was carried out at 1 kHz by measuring
impedance. Phase angle varies linearly with O2 concentra-
tion over the examined range of 2–18.9% at both
frequencies, so phase angles can be calibrated to determine
O2 concentration at 1 kHz. Then the contribution of O2 can
be subtracted from the impedance at 10 Hz in order to
determine NOx concentration. Lastly, some signal drift was
detected that may have been due to aging. A detailed study
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of the precise NOx sensing mechanism did not lie within
the scope of this work.
Martin’s coauthor, Murray, et al. investigated NOx sensors
consisting of LaCr0.95Mg0.05O3 overlaid with Ag–Pd on
fully stabilized YSZ [26]. Phase angles were correlated to
NOx concentration to serve as the measurement of
sensitivity. An analysis of the effect of both O2 and
temperature on sensitivity led them to conclude that
monitoring these variables would be necessary for accu-
rate sensing. The signal from sensors was found to drift
over several days of operation due to material instability.
In addition, long response times were required with these
sensors. They posited charge transfer to be the rate-
limiting step.
Yet another coauthor of Martin, Woo, investigated
planar, YSZ-based NOx sensors with dense gold electrodes
[21]. A porous layer of electrolyte was present between the
electrodes and the dense electrolyte. This layer enabled
enhanced NOx sensing, but the mechanism was not
understood. A simplified equivalent circuit analysis was
performed in which the low frequency arc that is sensitive
to NOx was modeled by a resistor in series with a Cole
element: Rs-(RLFQ). RLF represents the low frequency
resistance that is affected by O2 and NOx, and Rs is a
series resistor that serves as a simplification for the higher
frequency behavior of the rest of the circuit. Adsorption
was suggested as the rate-limiting mechanism responsible
for sensing behavior, however, no definitive mechanistic
conclusions were possible.
In a follow-up paper, Woo et al. [22] expatiated upon
possible mechanisms for the NOx response of the symmet-
rical Au/YSZ sensor. The resistor in the Cole element of the
simplified equivalent circuit was proportional to the gas
concentration according to a power law: RLF~[gas]
α. The
determination of the exponent, α, suggested adsorption as
the sensing mechanism. In addition, the activation energies
obtained from Arrhenius plots of R1 tended to support
adsorption. Competition for adsorption sites may have been
the rate-limiting step. The authors called for further studies
to explain the exact mechanism.
In a subsequent publication, Woo et al. [27] applied EIS
techniques to NO sensors with Au, Pt, or Ag electrodes on
a mixture of solid and porous YSZ electrolyte. Only Au
showed sensing activity as long as the electrode was dense;
porous gold was insensitive. The insensitivity of Pt makes it
an appropriate counter electrode material. Sensors that
detected NO featured larger impedance values than those
that did not; this suggested that a dearth of electrochemical
reaction sites may play a role in NO sensing. An equivalent
circuit model was used to investigate the low frequency arc
of NO impedance spectra. It was similar to a Voigt circuit
but with the capacitors replaced by constant phase elements
(Q): Rs-(R′LFQ′)-(R″LFQ″). In this work once again, Rs
serves as an approximation for the total cell resistance at
high frequencies (>1 kHz). Two Cole elements were
required to model one low frequency arc, implying that
two physicochemical processes with similar time constants
were taking place. Woo suggested that the rate-determining
step for NO-sensing may depend on O2 reactions that take
place away from the triple-phase boundary. Although the
exact sensing mechanism was outside of the scope of this
work and therefore not determined, adsorption and diffu-
sion of O2 were offered as possible rate-limiting steps for
the detection of NO.
Stranzenbach et al. [28] fabricated planar, impedance-
based NOx sensors by sputtering sensing electrodes of the
spinel NiCr2O4 on both fully stabilized YSZ and partially
stabilized zirconia (PSZ) electrolyte. They measured sensi-
tivity by the change in magnitude of the impedance, ΔZ, on
the addition of a sample gas. From 200 to 1,000 ppm, ΔZ
varied linearly with NO concentration at 0.1 Hz. The
impedance values and their associated magnitudes for the
FSZ electrolyte were found to be much higher than those
for PSZ. They analyzed the sensors for cross-sensitivity to
various gases including O2 (0–20%), CH4 (0–500 ppm),
CO (0–100 ppm), and CO2 (0–500 ppm). They found that
CO2 does not affect sensing performance for either
electrolyte. In lean atmospheres, CH4 and CO are oxidized
to CO2, so the sensor does not detect them either. In rich
conditions, however, increases in both ohmic and capac-
itive resistance were observed and attributed to the
reduction of the electrolyte. Typically electrolyte reduction
is associated with a localized increase in electrons and a
decrease in resistance [29]. No cross-sensitivity to NO2
was found because at high temperature (T > 600 °C), the
NO2 converts to NO at the electrodes due to thermody-
namic equilibrium. They also identified an equivalent
circuit model similar to a Voigt circuit, except in the last
two elements, the capacitors are replaced with a constant
phase element and a Warburg element, respectively: R1-
(R2C1)-(R3C2)-(R4Q1)-(R5W1). They found that changes in
NO concentration affect these last two elements of the
equivalent circuit. The second to last element, a Cole
element, consists of a resistor and constant phase element
in parallel. It represents changes in the double layer
between the electrode and electrolyte which may be due
to the reaction of NO over the catalytic sensing electrode.
The last element, a resistor in parallel with a Warburg
impedance represent a diffusion process, but did not
conclusively specify which species.
Stranzenbach and Saruhan [30] then examined impedan-
cemetric NOx sensors with NiO as the sensing electrode on
YSZ and PSZ electrolytes. This sensor showed excellent
selectivity for NO in both reducing and oxidizing con-
ditions with low cross-sensitivity to O2 and other combus-
tible gases.
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In a subsequent paper, Stranzenbach and Saruhan [31]
performed EIS on NOx sensors with sputtered NiO or
NiCr2O4 sensing electrodes on pre-aged electrolytes of fully
stabilized YSZ and PSZ deposited by EBPVD. They used
the same equivalent circuit as in their previous work [28].
The resistor of the Cole element represents the “reaction-
resistance” for adsorption, dissociation, and electrochemical
reactions. It is an indicator of the oxygen sensitivity of the
sensor. They also provided further discussion of the
equivalent circuit and its relationship to the sensing
mechanism. They postulated that the sensing mechanism
was due to competitive molecular adsorption of NO and O2
for both sensing electrode types. In the case of the NiCr2O4
electrodes, NO dissociative adsorption controls the sensing
behavior. They also posited that the impedancemetric NOx
sensing behavior results from the charge transfer processes
over the triple-phase boundary (TPB) and not from the
anodic and cathodic reactions. The exact sensing mecha-
nism and the factors that determine sensitivity were
described as “open questions”.
Rheaume et al. [32] used statistical “Design of Experi-
ments” techniques to perform a two level, half fractional
factorial experimental design (2III
3 − 1) on four single-cell
impedancemetric NOx sensors (Au/YSZ/Pt) to determine
the effect of design features on sensitivity. Three design
factors were systematically varied: working electrode area
(number of sensing wires), electrolyte thickness, and the
distance between sensing wires. Sensing ability was
evaluated by performing electrochemical impedance spec-
troscopy and calculating the change in the phase angle at
10 Hz upon the introduction of 50 ppm NO or NO2 in 10%
O2 with balance N2. ANOVA indicated that the most
significant effect was electrolyte thickness for sensing NO.
A linear relationship between phase angle difference and
NO concentration existed, insensitive to total flow rate.
NOx sensitivity was several orders of magnitude larger than
for O2. NO2 evoked a larger response than NO at 650 °C.
Self-compensation by the simultaneous determination of
both O2 and NOx concentrations was attempted by
investigating the phase angle shifts at different frequencies
(1 kHz for O2). For this sensor chemistry, the phase angles
did not exhibit dependence on gas concentration at
frequencies of 1 kHz and greater as reported by Martin
et al. [1]. At 105 Hz, phase angles were linearly related to
temperature, independent of gas species. As a result, a stable
sensor may be calibrated for use as a thermometer, as long as
the materials are stable (i.e., do not change due to aging). The
authors did not specify the sensing mechanism, but mentioned
that it is related to a transport process.
Y. Shimizu et al. investigated a fundamentally different
electrochemical cell consisting of a non-zirconia electrolyte
with two Ag electrodes and various metal oxide receptors
contiguous to the electrolyte [33, 34]. They used a lithium
solid electrolyte, Li1.5Al0.5Ti1.5(PO4)3, for their investiga-
tions of impedance-based NOx sensors [33]. This electro-
lyte operates at a lower temperature (400–500 °C) than
typical for zirconia electrolytes. They examined several
different types of oxide receptors including numerous
semiconductors and perovskites: TiO2, SnO2, WO3, NiO,
Cr2O3, LaCrO3, LaMnO3, LaCoO3, LaFeO3, and LaNiO3.
The role of the receptors was to exchange electrons with the
electrolyte, which affected the impedance of the cell. They
noticed different responses for receptors consisting of n-
type versus p-type semiconducting oxides. The sensors
with n-type receptors showed good responses to NOx at
400 °C. On the contrary, at 500 °C only the sensors with
perovskite references LaCrO3 and LaMnO3 showed sensi-
tivity to NOx, Sensors were interrogated over a frequency
range of 50 Hz to 5 MHz; for most sensors, they
investigated the response ΔZ at 1 kHz or at 10 kHz, which
is two to three orders of magnitude higher than other
research. In specific, they were interested in the change of
resistance and capacitance at a specific frequency due to the
exposure of NOx. They attributed the changes in these
parameters to the interface of the electrode and electrolyte.
They also examined the effect of N2O gas, but no electrode
showed a response to it. They discussed a sensing
mechanism that involved electron exchange with the metal
oxide receptor, however, they declared that it requires
further investigation.
Shimizu et al. [23] examined NOx sensors consisting of
several metal oxides doped with platinum (WO3, TiO2,
WO3/ZrO2, WO3/TiO2, MoO3/TiO2, V2O5/TiO2) and
equipped with interdigitated Au electrodes. This sensor
type differs from other impedance-based ones in that they
substitute platinum-impregnated metal oxide-sensing mate-
rials for the more commonly used YSZ. The metal oxides
are n type semiconductors (TiO2 and WO3) unlike YSZ. As
a result, a fundamentally different sensing mechanism is to
be expected. The sensor with Pt-WO3/TiO2 exhibited a
nearly equal response to both NO and NO2 at 500 °C. They
attributed this feature to the Pt which promotes NO2
decomposition to NO which is thermodynamically favored
at the elevated temperature of these studies. The impedance
at 4 Hz varied nearly linearly with the logarithm of NOx
(NO or NO2) concentration from 10 to 570 ppm. The
logarithmic relationship may suggest a different mechanism
than YSZ sensors, however, YSZ sensors might also exhibit
logarithmic behavior over a wide range of analyte gas
concentration. The low frequency impedance did not vary
much with O2 concentration, which is advantageous in
comparison to sensors with YSZ electrolyte because they
must be compensated. The authors proposed that the
impedance change due to NO addition resulted from
enhanced diffusion charge transport at the interface of the
metal oxide electrolytes and the electrodes. In specific, NO
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adsorption on the surface of the doped metal oxide causes
an enhancement of the diffusion of H+ at the interface on
account of the interaction of NO with the acidic W-OH site.
Water vapor
Gutiérez et al. studied changes in the impedance spectra of
semiconductor SnO2 due to humidity (H2O), CO, and air.
The sensing mechanism results from changes of conduc-
tivity with respect dry air due to water vapor. In specific,
OH− reacts with O2, thereby decreasing the depletion layer
width. This group proposed a Voigt equivalent circuit
model similar to the YSZ-based sensors. They did not,
however, correlate the changes in impedance to changes in
species concentration [6].
Miura et al. [12] did correlate impedance with gaseous
species quantity in their original work on NOx detection.
This work differed from that of Gutiérez et al. on account of
the use of YSZ instead of a semiconductor. Nakatou and
Miura [35] further applied the impedance-based sensing
technique to detect water vapor (humidity) at high
temperature. Several different single oxide sensing electro-
des were evaluated with stabilized zirconia electrolyte. The
maximum sensitivity was found using electrodes of In2O3
operating at 900 °C. Sensitivity was measured by the
change in the magnitude of the impedance, ΔZ, at 1 Hz.
The impedance change was linear with respect to the
logarithm of H2O concentration (70–30,000 ppm). Re-
sponse times were measured in single seconds. The sensing
mechanism is attributed to a change in impedance. In
specific, the resistance of the electrode reaction at the
interface of the oxide electrode and YSZ electrolyte
decreases with increasing concentration of water vapor in
the gas.
Hydrocarbons
Nakatou and Miura [35] found that the In2O3/YSZ
impedancemetric sensor used to detect water vapor also
indirectly senses hydrogen and hydrocarbons in dry gas at
900 °C [36]. They speculated that the sensing mechanism
involves the working electrode serving as a catalyst for the
oxidation of hydrocarbons that react to form CO2 and H2O
(water vapor). Whereas the CO2 does not evoke a response,
the In2O3/YSZ sensor detects the hydrocarbon indirectly by
sensing the water vapor from combustion. Once again, the
change in modulus, ΔZ, was used as the metric for
sensitivity. The sensitivity, as measured by the change in
impedance due to the analyte gas, is attributed to the
change in resistance of the electrode reaction at the
interface of the In2O3 electrode and the YSZ electrolyte.
Nakatou and Miura developed a sensor that can
selectively detect propene (C3H6) in a humidified gas
stream (1 vol.% H2O) at 600 °C by first oxidizing reducing
species and by applying a bias of +50 mV to the sensing
electrode versus the Pt counter electrode [37]. A sensing
electrode of ZnO on YSZ shows negligible cross-sensitivity
to CH4, where sensitivity is measured as the change in
modulus upon exposure to a gas. Platinum (1.5 wt.%) was
added to the sensing electrode in order to improve its
catalytic activity for oxidation, resulting in the ability to
detect propene even in the presence of CO, NO, NO2, H2,
CH4, CO2, H2O, and O2. The sensing ability is attributed to
the change in the resistance of electrochemical reaction
taking place at the interface between the electrode and
electrolyte, however, the authors stated that further study is
required to understand the exact sensing mechanism.
A follow-up paper by Miura et al. [38] reported that their
propene sensor with a ZnO sensing electrode and YSZ
electrolyte detected the specific hydrocarbon at extremely low
concentrations (0.05–0.8 ppm). Sensitivity was defined by the
change in modulus; it varied linearly with propene concen-
tration and was only insignificantly affected by H2O, NO2,
NO, H2, CO, and CH4. In this study, an applied potential to
the sensing electrode did not greatly affect sensitivity. The
effect of propene on impedance is attributed to the change in
resistance of the charge transfer reaction that occurs at the
interface of the oxide electrode and YSZ electrolyte, which is
a refinement of earlier work that suggested the cause was
adsorption or electrode reactions for detection of NOx [12,
18], water vapor [35], and hydrocarbons [36, 37]. The authors
cautioned that further examinations on the detailed sensing
mechanism were necessary.
In the course of an investigation of NOx sensors,
Stranzenbach et al. [28, 30] examined cross-sensitivity to
CH4. Reducing gases caused both ohmic and capacitive
changes in the sensor that they associated with the changes in
charge carriers in the electrolyte and not with electrode
processes. Net oxidizing environments should result in the
oxidation of CH4 to CO2, which is not detected by the sensor.
No investigation of the effect of water vapor on sensor
response took place. The sensors were not calibrated to relate
changes in impedance to the species quantity of CH4.
Carbon monoxide
As discussed above, Gutiérrez et al. [6] noticed changes in
the impedance spectra of SnO2 due to several gases
including CO, but they did not perform the calibration
necessary to make a sensor. They did, however, discuss a
possible sensing mechanism. At elevated temperature, CO
reacts with chemisorbed oxygen, which increases the
number of carriers, decreases the voltage barriers, and
results in increased conductivity.
Stranzenbach et al. [28, 30] also looked at the cross-
sensitivity of a NOx sensor to CO in addition to CH4. Since
106 Ionics (2011) 17:99–108
both are reducing gases, they drew the same conclusions for
CO as they did for CH4.
Wu et al. [39] examined an electrochemical CO sensor
with an electrode of Au-doped Ga2O3 and an electrolyte of
YSZ. They chose the Au-Ga2O3 material because CO
chemisorbs strongly on it. The change in modulus at 0.1 Hz
was used for sensitivity measurements. An equivalent
circuit was proposed: Rc-(RbCb)-(RiQ) where Rc represents
contact resistance, the Voigt element (RbCb) represents the
YSZ bulk, and the Cole element (RiQ) represents the
interface between the electrode and the electrolyte. The
interpretation of Rc is novel because this circuit element is
usually associated with the bulk electrolyte whereas here it
is the ohmic resistance of the electric connection. The value
for Cb was on the same order of magnitude as that for bulk
YSZ found in a previous study, so the second element was
identified as the bulk electrolyte. Neither Rc, Rb, nor Cb
changes with CO concentration. Rather the interfacial
parameters Ri and Q that represent the triple phase
boundary respond to changes in CO concentration, where
Q accounts for the non-ideal behavior of the double layer,
and Ri represents charge transfer. This conclusion agrees
with other work [38]. Interfacial impedance depends on the
electrolyte and the sensing electrode materials; any change
in either could affect the impedance. The authors proposed
that CO gas interacted with the sensor at the TPB in the
following way: the alternating voltage induced electro-
chemical oxidation of CO thereby introducing charge
carriers and changing the kinetics of charge transfer.
Summary
Impedance-based gas sensors have been surveyed for their
materials, equivalent circuit models, and sensing mecha-
nisms. This type of gas sensor is less developed than
amperometric or mixed potential types [3]. Impedancemet-
ric sensor designs consist of a simple, single electrochem-
ical cell operating at temperature greater than 500 °C.
Typically, the electrolyte consists of YSZ, the sensing
electrode of a noble metal or a metal oxide, and the counter
electrode of Pt. As a sensing material, dense Pt has been
shown to be ineffective for NOx detection [27], making it
appropriate for a counter electrode material. Symmetric
electrode materials are also common. Some sensors consist
of semiconducting materials whose electrical properties
change in the presence of certain gases. The sensing
mechanisms of electrolytic and semiconducting sensors
are expected to be different, as would sensors with noble
metal vs. metal oxide electrodes. Sensing mechanisms are
poorly understood [2]. Further studies with isotopically
marked gases are necessary to establish the exact sensing
mechanism for the sensors. The rate-limiting step associat-
ed with sensing properties depends on sensor morphology,
chemistry, and triple-phase boundary [20]. These character-
istics differ across sensors, however, it is clear that the
influence of the analyte gas is seen at low frequency (f ≤
100 Hz). Usually, the sensing property is attributed to a
transport process at the interface of the electrode and the
electrolyte.
Typically, a Voigt equivalent circuit model (sometimes
with minor variations) is used to replicate impedance
behavior over a wide range of frequencies. Most research
groups use the change in modulus at a specific frequency
(typically f ≤ 10 Hz) as the metric for sensitivity. This
change in modulus can be linearly correlated to species
concentration. Some groups report an equivalent response
to NO and NO2 alike allowing total NOx sensing at a
specified temperature. It is unclear whether the equivocal
sensitivity is due to the detection capability of the sensor or
due to the natural thermal equilibrium shift of NO2 to NO.
At T > 600 °C, NOx in exhaust gases equilibrates so that the
mixture consists primarily of NO (>90%) [2].
Impedancemetric sensors show several promising advan-
tages over conventional sensors. Accurate detection of
gaseous species on the single ppm level in high background
O2 concentration has been demonstrated [1, 20]. These
sensors do not require an air reference electrode. Some
drawbacks exist, however, with impedance-based sensors.
Selectivity remains a challenge. The partial pressure of O2
in the sample gas must be known due to cross-sensitivity. In
addition, the attendant electronics and signal processing
equipment are more complicated than those of conventional
sensors. Moreover, the long-term stability of the sensors
must be further improved [8], perhaps by heat treatment or
by a different fabrication method. In summary, numerous
challenges remain to be overcome prior to the commercial-
ization of impedancemetric sensors for gas detection.
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